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Abstract 
Field studies on the influence of rock fragments on surface sealing, hence infiltration, remain 
scarce and contradictory. To document this issue, rainfall simulation experiments were carried 
out on 37 undisturbed 1-m2 plots located along a pedo-climatic transect across West Africa. An 
important part of the variability of infiltration coefficient (R2 = 0.71) could be explained by a 
simple model based on the position of rock fragments in the top layer and accounting for the 
areal percentages of three types of soil surface: (1) bare surface, (2) soil surface covered with 
rock fragments embedded in the soil surface, and (3) surface with rock fragments resting on top 
of the soil surface. An even higher determination coefficient (R2 = 0.76) was gained when rock 
fragment size were accounted for in combination with vesicular porosity. Furthermore, a 
positive linear relationship was obtained between infiltration coefficient and mean annual 
rainfall suggesting that additional factors related to climate might be involved, including 
organic matter content and clay mineralogy. Two main regions could thus be differentiated. 
In  the arid and semi-arid zones, coarse gravel and cobbles embedded in a seal are predominant 
and generate high runoff. Conversely, fine and medium gravel, mainly free at soil surface, are 
dominant in the wetter zone, favouring therefore higher infiltration rate. 
1. Introduction 
Quantifying factors affecting infiltration of water into soil is crucial for modelling 
soil erosion and water balance. Other factors than soil properties must be accounted 
for since the models based only on soil water storage usually do not accurately agree 
with reality. Particular attention has been brought, therefore, on the impact of soil 
surface conditions, including soil seal and rock fragment cover, on infiltration. The 
term soil seal refers to a thin layer at the soil surface which restricts infiltration when 
the soil is wet. This problem has been extensively documented since the famous study 
of Duley (1939). 
More controversial is the effect of rock fragment cover on infiltration. Most 
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studies have shown that a higher rate of infiltration occurs with an increase in the 
percentage of surface cover (Seginer et al., 1962; Kincaid et al., 1964; Collinet and 
Valentin, 1979; Collinet, 1988). Several investigators (Meyer et al., 1972; Kochender- 
mulch. Such a phenomenon was ascribed to the protecting effect of rock fragment 
cover against raindrop impact, and hence sealing. Contrarily, some authors reported 
a negative relation between rock fragment cover and infiltration (Blackburn, 1975; 
Wilcox et al., 1988; Rostagano, 1989; Casenave and Valentin, 1992). Laboratory 
experiments indicated that the rock fragment nosition in the top layer exerts a 
significant control upon infiltration (Poesen, 1486; Poesen et al., 1990). Yet, no 
quantitative field evidence has been reported. 
fer and Helvey, 1987) even suggested to apply rock fragment cover as a possible 7 
This paper has two main objectives: 
(1) to analyse the relations between rock fragment parameters (ground cover, 
position, size) and sealing for a large range of soils of West Africa which is a 
region where soils containing rock fragments commonly occur. 
(2) to develop simple predicting models of infiltration and to test them with field 
data. 
2. Materials and methods 
Twelve sites were selected in four countries along a pedo-climatic transect ranging 
from Eutric Regosols in the fringe of the desert to Ferric Lixisols and Dystric 
Plinthosols in the savannah zone in the south (Fig. 1). Mean annual rainfall 
(MAR) varied from 140 mm in the north to 1350 mm in the south (Table 1). In 
these sites, 37 1-m2 representative plots were selected with rock fragment cover 
higher or equal to 10% and vegetation cover lower or equal to 15%. The surface 
layer contained coarse material either free (Fig. 2) or embedded in a surface crust 
(Fig. 3). As revealed through thin section analysis, this crust consisted of a layer of 
loose sands overlaying a plasmic seal (Fig. 4). In its final stage, the crust comprised 
three well distinguishable layers: the uppermost was composed of loose, coarse sands, 
the middle one consisted of fine, cemented sands, the lower layer was a plasmic layer 
composed of a higher concentration of fine particles with considerably reduced planar 
voids (Valentin, 1991). These last two layers are responsible for the frequent vesicular 
structure of the top soils. 
Experiments were carried out on undisturbed 1-m2 plots. This sample included six 
plots (in Bouaké) which have been cultivated the year prior to the tests and let untilled 
since then. To characterize the surface conditions, the areal percentages of coarse 
fragments were either visually estimated referring to special charts or assessed using 
the point sampling method (one hundred points were read per plot using a 1-m wide 
point frame with 20 pins). Each single method usually yielded an error below 5% 
compared to results gained from photographs taken vertically. Percentages of rock 
fragment cover were recorded for three size classes (S1 for fine and medium gravel, 2- 
20 mm; S2 for coarse gravel, 21-75 mm; S3 for cobble 76-250 mm). Also the position 
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Fig. 1. Location map. The dotted area refers to the zone where iron pans and gravel soils mainly occur (after 
Maignien, 1958, quoted in Pedro et al., 1987). 1: Agassaghas, 2: Kountkouzout, 3: Banigorou, 4 Polaka, 5: 
Gagara, 6: Kognere, 7: Binnde, 8: Kuo, 9: Kante, 10: Waraniene, 11: Varale, 12: Bouake. 
("Emb" for embedded in the crust, "Sur" for those free at the soil surface) was 
recorded. Samples were taken from the soil surface to examine the vesicular porosity 
(VP) with a magnifier. Four classes were defined: O: no vesicle, 1: 0-5%0, 2: 5-30%0, 3: 
> 30% vesicular porosity. 
Table 1 
Mean annual rainfal (MAR), top layer texture, number of plots per site and total height of simulated 
rainfall (HR) per site 
Site MAR Top layer texture Number HR(mm) 
("1 of plots 
Agassaghas 
Kountkouzc 
Banigorou 
Polaka 
Gagara 
Kognere 
Binnde 
Ku0 
Kante 
Korhogo 
Varale 
Bouake 
140 
lut 380 
800 
460 
460 
460 
920 
1050 
1200 
1350 
1115 
1100 
coarse gravel 
very gravelly sandy clay loam 
very gravelly sandy clay loam 
gravelly sandy loam 
gravelly sandy loam 
gravelly sandy loam 
gravelly sandy loam 
very gravelly sandy loam 
very gravelly sandy loam 
very gravelly sandy loam 
gravel 
gravelly sandy clay loam 
5 
4 
3 
3 
4 
1 
1 
2 
3 
1 
1 
9 
140 
320 
285 
360 
420 
420 
420 
420 
420 
420 
420 
265 
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Fig. 2. Surface conditions in Korhogo, northern Ivory Coast (mean annual rainfall: 1350 mm). Gravel is 
free at soil surface (length of knife: 23 cm). 
Simulated rain was produced by a field sprinkling infiltrometer. The nozzle, 4 
meters above ground, was put into oscillating motion; any change in the pendular 
angle modified the irrigated surface and hence it varied the irrigation intensity in a 
Fig. 3. Desert pavement in Agassaghas, northern Niger (mean annual rainfall: 140 mm). Rock fragments 
are embedded in a vesicular seal. Few fragments have been removed to expose the vesicles (scale in cm). 
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Fig. 4. Back electron-scanned image of a coarse fragment included in a seal in Kountkouzout (mean annual 
rainfall: 380 mm). Note the upper sandy layer and the plasmic seal below where vesicles mainly occur 
(length of the bar: 2 mmj. 
range of 30 to 150 mm h-'. Kinetic energies of simulated rainfall were very similar to 
those of natural tropical rainfall (Asseline and Valentin, 1978). Runoff was collected 
in a tank to determine the depth of overland flow. Runoff coefficient (RC, %) is the 
ratio between the cumulative depth of runoff measured for the whole set of simulated 
rainfall on a given plot and the cumulative depth of rainfall (Poesen et al., 1990). This 
variable is commonly used in hydrological models (Casenave and Valentin, 1992). 
Similarly, the infiltration coefficient (Ki, %) is the ratio between the total height of 
infiltrated water and the total rainfall height. 
The sprinkling intensities and durations were based on an analysis of the rainfall 
events recorded in the study areas so that the 1-year and the 10-years storms could 
be approximated. Every plot was exposed to a series of simulated rainfall events, 
usually 6, separated by drying periods ranging from 3 to 84 hours. The cumulative 
height of simulated rainfall did not exceed the mean annual rainfall (MAR). The 
first run on each plot started under very dry surface conditions during the dry 
season. 
92 
Table 2 
Main distribution statistics of variables 
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Average 50 10 1 27 34 1.5 
Standard deviation 29 19 5 25 27 1.5 
Minimum 5 O O ‘  O O O 
Maximum 95 85 30 80 95 3 
Lower quartile 25 O O 5 10 O 
Upper quartile 75 10 O 50 40 3 
~~ ~ ~ 
S1: fine and medium gravel, 2-20 mm. S2: coarse gravel, 21-75 mm. S3: cobble, 76-250 mm. Sur: rock 
fragments free at the soil surface. Emb: rock fragments embedded in a seal. VP: class of vesicular porosity; 
o: no vesicle, 1:0-5%, 2:5-30%, 3 :> 30%. 
3. Results 
The main distribution statistics of variables are reported in Table 2. In the selected 
plots, most rock fragments were fine and medium gravel (2-20 mm). On an average, 
the percentage of surface covered with embedded rock fragments was slightly higher 
than the percentage of surface covered with free rock fragments. The infiltration 
coefficient remained very low, less than 60%. 
The correlation coefficients (R) for regressions among variables are listed in Table 
3. Two groups of rock fragment covers can be differentiated: fine and medium gravel 
(Sl), generally rests free at soil surface while coarse gravel (S2) and cobbles (S3) tend 
to be embedded in the seal, although many plots exhibited a combination of the two 
types of cover. It is shown that vesicular porosity is inversely proportional to free rock 
fragment percentage, and increased with embedded rock fragments. No influence ,of 
rock fragment size on vesicular porosity was indicated. Infiltration coefficient was 
positively correlated with free, fine and medium gravel and negatively correlated with 
Table 3 
Correlation coefficients (R) for relations between soil surface conditions ’, mean annual rainfall (MAR) and 
infiltration coefficient (KiAL) 
s1  s2 s3 Sur Emb VP MAR 
s2 -0.35 * - 
s3 NS 0.46 ** - 
Sur 0.63 *** NS NS - 
Emb NS 0.55 *** 0.41 * -0.37 * - 
VP NS NS NS -0.64 *** 0.55 *** - 
MAR NS -0.37 * -0.31 * 0.68 *** -0.68 *** -0.89 *** 
Ki 0.37 * -0.39 * NS 0.77 *** -0.62 *** -0.83 *** 0.85 *** 
, , Significant at the 0.05, 0.01 and 0.001 probability levels, respectively, NS: not significant. 
# S1, S2, S3: percentages of soil surface covered by rock fragments of 2-21 mm, 20-75 mm and > 75 mm, 
respectively. Sur: percentage of soil surface covered with free rock fragments. Emb: percentage of soil 
surface covered with rock fragments embedded in a seal. VP: class of vesicular porosity. 
* ** *** 
, 
C. Valentin 1 Catena 23 (1994) 87-97 93 
embedded coarse gravel. A higher correlation coefficient was found for the regression 
of infiltration coefficient on vesicular porosity. No significant correlation could be 
established between infiltration coefficient and height of simulated rainfall. However, 
mean annual rainfall is significantly correlated to every surface variable, except for 
S1. This indicates that in low-rainfall areas and under natural conditions, rock 
fragment cover was predominantly consisting of large rock fragments embedded in 
a vesicular top layer associated with low infiltration. Contrarily, in high-rainfall areas, 
free fine and medium gravel predominate with lower vesicular porosity and higher 
infiltration, although fine and medium gravel may occur in whatever climatic zone. 
These results encouraged us to develop simple models, assuming: 
- Additivity of water flow from three different types of surface: covered with free 
fragments (Sur), covered with embedded fragments (Emb) and directly exposed 
to raindrops (Bare = 1 - Sur - Emb, for 1-m2 plots). 
- No infiltration was possible through the embedded rock fragments. 
The equation of this model was: 
Ki = Kisur * Sur + KiBare * Bare (1) 
where Kisur and KiBare are the statistically determined infiltration coefficients (%) of 
Sur and Bare, respectively. 
In addition, a second model was developed including the three independent 
variables (VP), (Sl) and (S2+ S3), assuming: 
- Additivity of water flow from three different types of surface: covered with fine 
and medium gravel (Sl), covered with coarse gravel and cobble ( S 2 +  S3) and 
directly exposed to raindrops (Bare = 1 - S1 - S2 - S3, for 1-m2 plots). 
- Infiltration was partly controlled by vesicular porosity (VP). 
The equation of this model was: 
Ki = [a * SI 4- ß * (S2  + S3) + y * Bare] * (d - VP) (2) 
where Kisl = Q * (6 - VP), Kis2+3 = ß * (6 - VP) and KiBare = y * (6 - NP) are the 
infiltration coefficients (%) of S1, (S2-k S3) and Bare, respectively and where d is a 
constant. 
Empirical constants (Kisur, KiBare, a, ß, y and 6) were estimated using a non linear 
least square fitting procedure. Coefficents of determination and fitted parameters are 
presented in Table 4. Both models described a large part of variability in infiltration 
coefficient. 
4. Discussion 
4. I .  Validity of results 
Albeit significant, correlation coefficients among surface variables were relatively 
low. This can be ascribed to the fact that experiments were conducted in the field. 
o y  
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Table 4 
Fitted parameters of Eq. (1) and Eq. (2) and coefficients of determination 
R2 Empirical constants Standard error 
Eq. (2) 0.76 Q = 10% 1% 
ß = 2% 3% 
y = 7% 1 Yo 
s = 4.7 0.4 
However, other correlation coefficients including infiltration coefficient were higher, 
despite the difficulty to isolate the effects of rock fragments and seal conditions from a 
complex web of factors which might influence infiltration such as texture, faunal 
activity, vegetation cover, subsurface characteristics and experimental procedure. 
Yet, no or minor bias was caused by applying different rainfall amounts since no 
significant relation was found with infiltration coefficient. 
The proposed models were regarded as satisfactory, not only because they explain a 
large part of the variability of Ki, but also because they provided consistent values of 
.&are (KiBare = 21% in Eq. (I), KiBare = 22%, in Eq. (2), with v P =  1.5, namely the 
mean observed value for VP). Such values were in the range of Ki (15% < Ki < 25%) 
proposed by Casenave and Valentin (1992) in West Africa for plots without rock 
fragments and capped with the same type of seal. 
4.2. The role of rock fragments 
Differences obtained among infiltration coefficients could not be attributed to rock 
fragment cover alone without taking into1 account other rock fragment characteris- 
tics. A simple model underlined the role of the position of rock fragments in the top 
layer, substantiating thus the laboratory results of Poesen (1986) and Poesen et al. 
(1990). Moreover, the second model indicated that the infiltration coefficient under 
free rock fragments (Kis,, = 61 %) was higher than that of exposed surfaces 
(KiBare = 23%), illustrating thereby the protecting role of free rock fragments against 
sealing. 
To a lower extent, the infiltration coefficient was influenced by rock fragment size. 
Regardless of vesicular porosity (when considering VP = O), the second model showed 
that infiltration coefficient under fine and medium gravel (Kisl = 47%) was consider- 
ably higher than infiltration rates predicted for larger rock fragments (Kis2+3 = 9%). 
As reported by Yair and Lavee (1977), large rock fragments tend thus to favour 
runoff whereas gravel tend to enhance infiltration. This may be ascribed to the fact 
that for a given rock fragment cover percentage, infiltration is influenced by the 
perimeter of rock fragments, as suggested by laboratory experiments (Koon et al., 
1970). Since rock fragments are impervious, infiltration can only occur along their 
perimeter on a restricted width. 
V '  
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4.3. The role of the vesicles 
95 
Regression analysis indicated that vesicular porosity was positively related to 
embedded rock fragment cover and negatively related to free rock fragment cover. 
Such field results confirm that rock fragments embedded in a seal tend to favour the 
formation of a vesicular layer which would be due to entrapped air (Evenari et al,, 
1974; Figueira and Stoops, 1983). Furthermore, our results indicated that, as reported 
by Alberge1 et al. (1986), vesicular porosity is a relevant indicator for impeded 
J 
1 
I infiltration. 
4.4. The role of clirnatic conditions 
1 
I 
The dependence of infiltration coefficient on mean annual rainfall suggests that 
additional factors which were not taken into account in these experiments but are 
likely related to climatic conditions might play an important role. Such factors might 
include organic matter content, faunal activity or clay mineralogy. In dry areas, low 
organic matter content, low faunal activity and high proportion of 2 : 1 clay minerals 
are well-known factors favouring surface sealing (Van der Watt and Valentin, 1992). 
Conversely, higher organic matter content and faunal activity, combined with kaoli- 
nite clay minerals limit degradation of surface structure (Collinet, 1988, Poss et al., 
1989). Such climate-related factors might partly explain why free rock fragments 
occurred mainly in the southern sites, namely the wettest, whereas desert-like pave- 
ments embedded in a vesicular top layer were more common features in the northern 
sites. 
Another source of interpretation stems from the relation between sealing and 
erosion. Due to higher rainfall amount soil loss is likely higher, for a given soil 
cover, in the wetter areas than in the arid zone. Roose (1977) and Poesen (1986) 
observed that increased erosion due to an increase in slope gradient may lead to a 
partial destruction of the soil seal. A similar phenomenon might be ascribed here with 
increased rainfall amount instead of increased slope gradient. Consider that surface 
conditions of soils containing rock fragments result from the respective velocities of 
both processes. In wet areas, the balance should be in favour of water erosion, hence 
of free rock fragments. This is consistent with the observations of authors who carried 
out experiments in the wet savannah and in the rainforest zone (Collinet and Valen- 
tin, 1979). Conversely in dryer areas, the balance should be in favour of soil sealing 
due to lower water erosion hazards and possible wind deposition, hence in favour of 
embedded rock fragments. This could explain why investigators who have conducted 
their studies in dry areas (Valentin, 1981; Wilcox et al., 1988; Rostagano, 1989; 
Casenave and Valentin, 1992) reported the commmon occurrence of embedded 
rock fragments. Likewise, since the development of vesicles requires several drying 
and wetting cycles (Evenari et al., 1974), this frequent feature indicates that seals 
under dry climate are steady and not submitted to a rapid water or wind erosion. 
These results may explain why land management of areas covered with rock frag- 
ments depend so strongly upon climatic conditions. In the drier zones, surface sealing 
of soils containing rock fragments should not be invariably considered as detrimental. 
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Such impervious areas can be regarded as propitious to water harvesting (Shanan et 
al., 1970; Reij et al., 1988). In the wet savannah zone, small-holders deliberately 
increase the gravel content of the soil surface by ploughing, thus enhancing water 
intake. Under such conditions, zero-tillage rapidly fosters surface sealing owing to 
lower gravel content at soil surface (Kalms, 1975). 
5. Conclusion 
Field experiments conducted in four countries of West Africa clearly supported the 
laboratory results of Poesen (1986) which have highlighted the role of rock fragment 
position in the toplayer upon sealing and infiltration. Another simple model showed 
that rock fragment size and vesicular porosity could be considered as relevant indi- 
cators for surface sealing and low infiltration coefficients. 
Relationships between rock fragments and sealing depend upon pedo-climatic 
conditions. In dry areas, rock fragments, generally coarse gravel or cobbles, are 
embedded in a vesicular seal and therefore generate heavy runoff. Conversely, in 
seal, and favours infiltration. 
Such results illustrate the major role of surface conditions upon water intake. They 
emphasize also the need to assess carefully morphological features when attempting 
to predict infiltration from soil characteristics. 
wetter zones, finer gravel is mainly free at soil surface, namely not included in a li 
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